ABSTRACT
INTRODUCTION
Application of the human epidermal growth factor receptor 2 (HER2) gene occurs in approximately 20% to 25% of primary breast cancers and is associated with poor clinical outcomes in the absence of systemic therapy [1, 2] . The humanized HER2-targeted antibody trastuzumab (Herceptin; Genentech, South San Francisco CA), could improve survival of patients with HER2-positive metastatic breast cancer (MBC), when it is combined with standard chemotherapy [3, 4] . In spite of the efficacy of trastuzumab, most patients with HER2-
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positive develop progressive disease during or after trastuzumab treatment. Evidence from clinical practice shows that, HER2 over-expression persists and remains beyond progression [5] [6] [7] , therefore, new strategies that changing the HER2-directed agent or switching chemotherapies in subsequent lines of treatment have been developed [8] . And now, there is no standard HER2-directed regimen approved for these heavily pretreated patients [9] , and additional HER2-directed therapies are needed.
Trastuzumab emtansine (T-DM1) is an antibodydrug conjugate that incorporates the HER2-targeting properties of trasuzumab with the cytotoxic activity of the microtubule-inhibitory agent DM1 (derivative of maytansine) [10] [11] [12] . Trastuzumab and DM1 are covalently conjugated by means of a stable linkers [13, 14] . T-DM1 could improve the therapeutic index and limit the exposure of normal tissue through the delivering the intracellular drug specifically to HER2-overexpressing cells. T-DM1, as a single-agent treatment for patients with HER2-positive MBC who were previously treated with trastuzumab and a concurrent or sequential taxane, was recently approved in the USA and European Union. Results from several phase 2 studies show that T-DM1 was clinical effective in the treatment of patients with HER2-positive advanced or metastatic breast cancer [15] [16] [17] . These impressive results have provided a strong rationale for conducting randomized controlled trails (RCTs) that assess T-DM1 for HER2-positive breast cancer. In this study, we conducted a meta-analysis of these RCTs to evaluate the efficacy and safety of T-DM1, as compared with other anti-HER2 therapies, for HER2-positive breast cancer patients.
RESULTS

Identification of eligible studies
The initial search yielded 528 relevant citations from Pubmed, Web of Science, and Embase. Of these, 127 were excluded as duplicate records, and 309 and 83 were excluded after review of title/abstract and fulltext information, respectively ( Figure 1 ). Therefore, 9 potential studies were identified for the final analysis; however, three studies were excluded because they were single-arm phase II studies [15] [16] [17] , and one was excluded because it presented overlapping data with another study [18] . Finally, five RCTs (involving 3,720 patients) [19] [20] [21] [22] [23] that met the inclusion criteria were included in this metaanalysis. The Cohen statistic K for agreement on study inclusion was 0.92.
Characteristics of eligible studies
The main patient characteristics of the four included studies were presented in Table 1 . All five included studies were well-performed, prospective randomized controlled trials. Clinical characteristics were matched for age, estrogen receptor (ER)/ progesterone receptor (PR) status, and Eastern Cooperative Oncology Group performance status (ECOG PS) in each study. These studies were published between 2012 and 2017. Most of patients in these studies were from Europe, the Americas, and Asia. All these eligible patients were older than 18 years and had histologically or cytologically confirmed, HER2-positive, unresectable locally advanced breast or MBC. Among the five included studies, patients in three studies were previously treated with trastuzumab-based chemotherapy [19, 21] , whereas patients in the remaining studies were treated with T-DM1 or trastuzumab plus docetaxel as first-line treatment [20, 22, 23] . In the T-DM1 group, patients were given a dose of 3.6 mg/kg intravenously once every 3 weeks.
Notably, in the TH3RESA [22] trial, patients were randomly assigned to T-DM1 or physician's choice. Of the physician's choice, about 83% of them were combination therapy with HER2-directed agent, including trastuzumab plus chemotherapy, and trastuzumab plus lapatinib.
Quality assessment
The details of risk bias are summarized in Figure 2 . Overall, three trials were classified as being at low risk of bias [19, 22, 23] , and two as being at unclear risk of bias [20, 21] . The main reason for the two trials with unclear risk of bias was that the blinding of outcome assessments was unclear or seldom reported. The adequate randomized sequence, and appropriate allocation concealment were reported in all the included trials [19] [20] [21] [22] [23] . There were incomplete outcome data or selective reporting, or other bias in all the included trials [19] [20] [21] [22] [23] .
Progression-free survival
All five RCTs reported PFS in study patients [19] [20] [21] [22] [23] . The pooled results of these studies show that T-DM1 significantly prolonged the PFS in patients with HER2-positive MBC (HR = 0.73, 95% CI: 0.61, 0.86; P < 0.05) (Figure 3 ). The test for heterogeneity was significant (P for heterogeneity = 0.001; I 2 = 75.8%). Therefore, we performed sensitivity analysis to explore potential sources of heterogeneity. When we excluded the trial conducted by Krop IE et al. [22] , the heterogeneity was resolved (I 2 = 45.6%, P = 0.347), and the result changed slightly (HR = 0.78, 95% CI: 0.68, 0.90, P < 0.05), which indicated that this study probably contributed to the heterogeneity.
We also performed subgroup analysis to evaluate the impact of different treatment line on the overall estimation. The results revealed that T-DM1 was associated with an increased PFS in the patients with HER2-positive MBC no matter it was used as first-line (HR = 0.86, 95% CI: 0.74, 1.00; P < 0.05) or non-first-line treatment (HR = 0.65, 95% CI: 0.53, 0.81; P < 0.05) (Figure 3 ). www.impactjournals.com/oncotarget 
Overall survival
Four RCTs reported the data of OS in patients [19, 22, 23] . The aggregated results suggest a significant improvement in OS between patients who received T-DM1 and those who received other anti-HER2 therapies (HR = 0.68, 95% CI: 0.62, 0.74; P < 0.05) (Figure 4 ). No statistical heterogeneity was observed between individual trials (P for heterogeneity = 0.779; I 2 = 0.0%) (Figure 4 ).
Overall response rate
Four RCTs reported the data on ORR [19, 20, 22, 23] . The pooled estimates showed that T-DM1 was associated with a similar ORR with other anti-HER2 therapies (RR = 1.25, 95% CI: 0.94, 1.66; P = 0.148) ( Figure 5 ). There was statistical heterogeneity between individual trials (P for heterogeneity < 0.05; I 2 = 91.8%) ( Figure 5 ).
Adverse events
All studies included in this meta-analysis presented data on adverse events [19] [20] [21] [22] [23] . Pooled analysis showed that compared to other anti-HER2 therapies, T-DM1 was associated with a significantly higher rate of fatigue, elevated ALT, elevated AST, and thrombocytopenia, but a significantly lower rate of diarrhea, vomiting, neutropenia, leucopenia, and febrile neutropenia ( Table 2) .
Publication bias
Assessment of publication bias using Egger's and Begg's test showed that there was no potential publication bias among the included studies (Egger's test, P = 0.374; Begg's test, P = 0.463).
DISCUSSION
The objective of this meta-analysis to evaluate the efficacy and safety of T-DM1 for HER2-positive patients with MBC. Our meta-analysis suggests that T-DM1 significantly prolonged PFS and OS, but did not increase the ORR. In addition, patients who received T-DM1 treatment exhibited a higher incidence of adverse events, including fatigue, elevated ALT, elevated AST, and thrombocytopenia, compared with those received other anti-HER2 therapies. These results confirmed the significant survival benefits of T-DM1 for HER2-positive MBC.
There have been two published systematic review and meta-analysis of T-DM1 for HER2-positive patients with MBC [24, 25] . Our study expends on the prior studies in providing more significant evidence for the use of T-DM1 in HER2-positive MBC. First, the present meta-analysis had a more enlarged sample sizes than the previous analysis, which enhanced the statistical power to assess this effect. In this meta-analysis, we included five RCTs, and all of them were prospective, randomized controlled phase 2/3 clinical trials. Whereas, in the previous studies, three were only two or three RCTs [25] , and the number of contributing data was only two or three. Second, in this study, we used a fixed-effects or random-effects model to pool the data of included studies. With the method of meta-analysis, we were able to systematically summarize the current original studies on the effects of T-DM1, and provide some implications for future researches and decision making. Whereas, in the previous two studies, one was a systematic review [24] , and no pooled data were provided. Thus, whether T-DM1 had advantaged survival effects than other treatments still remained uncertain. Third, in this meta-analysis, we also conducted subgroup analysis to evaluate the impact of different treatment line on the overall estimations, which was not analyzed in the prior meta-analysis [24, 25] . Fourth, in this study, we performed sensitivity analysis to explore the potential sources of heterogeneity. And exclusion of any single study did not change the summarized results, which added robustness to our findings.
In this study, we found that the antibody-drug conjugate T-DM1 significantly improved PFS and OS among patients with HER2-positive MBC. Moreover, the subgroup analysis showed that T-DM1 provided a significant survival benefit for patient with HER2-positive MBC no matter it was used as first-line or non-first-line treatment. The TDM4450g study was a phase 2 trial [20] , which directly compared the T-DM1 with an active HER2-target regimen for the first line treatment of HER2-positive MBC [20] . In that study, patients were randomly assigned to T-DM1 or trastuzumab plus docetaxel (HT) groups. The median PFS in the two groups was 14.2 months and 9.2 months, respectively (HR = 0.59, 95% CI: 0.36, 0.97) [20] . This indicated that T-DM1 was beneficial effect for patients with HER2-positive MBC when it was as firstline treatment [20] . Whereas in another three phase 3 trials [19, 21, 22] , T-DM2 was administrated in patients who had previously treated with trastuzumab and lapatinib/ taxnane. The median PFS among these studies ranged from 6.2 months to 9.6 months [19, 21, 22] . Thus, it was postulated that T-DM1 may provide better survival outcomes in patients who had never received standard treatment before than those who previously received anti-HER2 positive treatment. This hypothesis was verified in a phase 2 trial [17] , in which T-DM1 was used as first-line and second-line treatment. Patients in the two groups had a median PFS of 7.7 months and 5.5 months, respectively, which indicated that T-DM1 would provide better survival effects for MBC patients when it was used as the first-line treatment [17] .
The insensitivity to HER2-targeted therapies should be considered when deciding which agents to administer in the sequential treatments for HER2-positive MBC. Although HER2-targeted agents can inhibit the HER2 expression in tumor cells, the HER2-independent escape mechanisms, such as the constitutive activation of PI3K/ AKT pathway, might lead to a less sensitive tumor phenotype [26, 27] . However, the favorable outcomes of T-DM1 in this meta-analysis supported the validity of HER2 as a therapeutic target in tumors that have progressed after several HER2-targeted therapies. Also, the beneficial effects of T-DM1 have been found in two phase 2 trials, in which MBC patients who received extensive pretreatment had improved PFS [15, 16] . In these two trials, T-DM1 was found to be more effective than treatment regimens that contained trastuzumab. This could be probably explained by the fact that the activity of T-DM1 was associated with high potency of its cytotoxic DM1 [13, 28] , and it may be preserved in the presence of PI3K mutations [29] .
With regard to the safety profile of T-DM1, this meta-analysis showed that patients receiving T-DM1 experienced more fatigue, elevated ALT, elevated AST, and thrombocytopenia than those receiving other anti-HER2 therapies; other anti-HER2 therapies were associated with more diarrhea, vomiting, neutropenia, leukopenia, and febrile neutropenia. Thrombocytopenia, was a rare but serious adverse event that occurred in the patients administrated with T-DM1. In the EMILIA trial [19] , ten patients discontinued the treatment of T-DM1 because of thrombocytopenia, and one patient had a grade 4 bleeding event of gastrointestinal hemorrhage. Moreover, in the TH3RESA trial [22] , a grade 5 hemorrhage event was observed in the T-DM1 group. Therefore, patients with thrombocytopenia should be monitored closely during the T-DM1 treatment.
There are some potential limitations in this metaanalysis. Firstly, our meta-analysis is based on five RCTs and some of them have a relatively modest sample size, which may lead to an overestimation of the treatment effect when compared with larger trials. Although all the included studies were well performed with a randomized controlled design and were high quality trial, our conclusion should be interpreted with caution. Secondly, the targeted population varied greatly across studies (e.g., ECOG PS, hormone-receptor status, treatment regimens, and line of therapy). These factors may cause the heterogeneity and have a potential impact on our final results. Lastly, it should be noted that all of these trials were partly funded by the pharmaceutical industry, and their results might have been affected by the inherent conflict of interest and possible bias.
In summary, our meta-analysis indicated that T-DM1 significantly improved PFS and OS in patients with HER-2positive MBC, and it also induced a higher incidence of adverse events. Thus, T-DM1 could be used as an alternate treatment option in patients with HER2-positive MBC, especially in those who had never received standard treatment before. Considering the potential limitations in this study, further larger-scale, well-design RCTs are needed to identify these findings.
MATERIALS AND METHODS
Search strategy
This meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and meta-analysis (PRISMA) criteria [30] . Pubmed, Web of Science, and Embase databases from inception to May 18, 2017 were searched to identify relevant studies. The search was limited to human subjects and no language restriction was imposed. Search terms included: 
Study selection
The following inclusive selection criteria were applied: (1) study design: randomized controlled trials (RCTs); (2) study population: female patients over the age of 18, who had histologically confirmed breast cancer with HER2-positive metastatic tumor; (3) comparison intervention: T-DM1 versus other anti-HER2 therapies; (4) outcome measure: the progression-free survival (PFS), overall survival (OS), overall response rate (ORR) and the adverse events. Studies published as the article types of reviews, editorials, letters, case report, and comments were excluded. In case that the same clinical trial appeared in several publications, we only included the most informative article or the longest follow-up study to avoid duplication of information. The inter-reviewer agreements were calculated using the Cohen K statistic [31] .
Data extraction and quality assessment
We used a standardized data-extraction sheet, which consisted of the following information: first author, publication year, number of patients in each arm, age of patients, population characteristics, the hazard ratios (HRs) with the corresponding 95% confidence intervals (CIs) on PFS and OS, and the risk rations (RRs) with the corresponding 95% CIs on incidence of adverse events. Data extraction was independently performed by two investigators, and discrepancies were resolved by discussion and consensus.
We used the method recommended by the Cochrane Collaboration [32] to assess the risk of bias in RCTs, including blinding, method of randomization, allocation concealment, follow-up, and intention-totreat analysis. The quality of evidence for outcomes was evaluated according to the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) [33] . This methodology consists of five items describing risk of bias, inconsistency, indirectness, imprecision, and publication bias [33] . The quality of each outcome is classified as very low, low, moderate, or high [33] .
Statistical analysis
We estimated the HR with 95% CI for time-to-event outcomes, and RR with 95% CI for dichotomous outcomes.
Heterogeneity across the studies was tested using the Cochran Q statistic and quantified with the I 2 statistic, in which I 2 > 50% indicated significant heterogeneity [34] . whenever heterogeneity was present, a random-effects model [35] was used to pool the estimates, otherwise a fixed-effects model [36] was used. We also investigated the influence of a single study on the overall pooled estimate by deleting one study in each turn. Publication bias was assessed by the Begg's [24] and Egger's test [25] . A P value less than 0.05 was judged as statistically significant, except where otherwise specified. All statistical analyses were performed using STATA, version 12.0 (Stata Corporation, College Station, TX, USA).
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